A major source of kidneys for transplant comes from deceased donors whose tissues have suffered an unknown amount of warm ischemia prior to retrieval, with no quantitative means to assess function before transplant. Toward addressing this need, non-contact monitoring of optical signatures in rat kidneys was performed in vivo during ischemia and reperfusion. Kidney autofluorescence images were captured under ultraviolet illumination (355 nm, 325 nm, and 266 nm) in order to provide information on related metabolic and non-metabolic response. In addition, light scattering images under 355 nm, 325 nm, and 266 nm, 500 nm illumination were monitored to report on changes in kidney optical properties giving rise to the observed autofluorescence signals during these processes. During reperfusion, various signal ratios were generated from the recorded signals and then parametrized. Time-dependent parameters derived from the ratio of autofluorescence under 355 nm excitation to that under 266 nm excitation, as well as from 500 nm scattered signal, were found capable of discriminating dysfunctional kidneys from those that were functional (p < 0.01) within hours of reperfusion. Kidney dysfunction was confirmed by subsequent survival study and histology following autopsy up to a week later. Physiologic changes potentially giving rise to the observed signals, including those in cellular metabolism, vascular response, tissue microstructure, and microenvironment chemistry, are discussed.
INTRODUCTION

Severe organ shortage
Transplantation is deemed the best option for many patients with end-stage organ failure, in terms of both longevity and quality of life. However, the demand for organs is far in excess of those available. At the close of 2017, 34,800 organs had been transplanted while 115,000 patients remained in wait 1 . The kidney is the organ most in need (81%), and this need is continually growing: for every person that receives a kidney, three get added to the waitlist (Fig. (1) ) 1 . The kidney also claims the highest discard rate among organs procured from deceased donors. These donors are from a class that is being tapped to expand the pool of available organs (exceeding 10,000 for the first time in 2017), but because there is more uncertainty in the amount of ischemic injury suffered by organs from this source, there is increased risk in transplanting non-viable or compromised tissue. This degree of uncertainty has been made more transparent in recent studies showing that as much as 80% of kidneys slated for discard shared equitable physical and chemical performance characteristics when connected to a machine pumping a conditioning fluid as compared to accepted kidneys 2 . Existing methods to assess kidney viability are indirect, assessing vascular integrity 3 , including the ubiquitous practice of visual observation. Conclusions derived from such a practice are surgeon-dependent and largely governed by properties of blood, not cell function. Attempts to directly sample the cellular architecture and biochemistry are invasive (microdialysis 4 ) and time-consuming (histology). Clearly a need exists to more accurately and objectively assess both kidney viability and the effectiveness of preservation methods 
Tissue fluorescence under ultraviolet excitation
A potential alternate spectroscopic method to visual observation is native tissue fluorescence under ultraviolet (UV) excitation. A large body of work exists relating reduced nicotinamide adenine dinucleotide (NADH) fluorescence to metabolic state. The foundation of this approach was laid several decades ago following the observation that NADH fluorescence intensity responds to conditions in which energy demand of a cell exceeds the supply [6] [7] . In particular, the concentration of NADH, the ultimate electron acceptor in the electron transport chain (the process that generates energy stores for the cell), increases when the cell is deprived of oxygen and oxidation of NADH is inhibited. The reduced form (NADH) is fluorescent under UV excitation while the oxidized form (NAD + ) is not. This phenomenon was later integrated into a microfluorimeter, in which a small fiber optic is placed in contact with the tissue [8] [9] to monitor changes in the visible autofluorescence (AF) and the reflected UV excitation light during ischemia. Due to native UV light absorbers in the tissue, such as hemoglobin, amino acids like tryptophan and tyrosine, structural proteins like collagen and elastin, and metabolites like NADH and flavins 10 , UV light penetration in blood-perfused tissue is shallow (on the order of 100 µm 11 ). However, superficial interrogation of the kidney is suitable because the most metabolically active cells in the kidney exist in the outer functional layer named the cortex, just below the thin protective collagenous layer known as the capsule which sheathes the kidney. One of the kidney's primary functions is to filter waste products from the blood, and it does so by delivering blood from the main vessels near the center of the kidney to the hyper-branched network of the capillaries located toward the surface 12 .
Approach and goals
In contrast to conventional microfluorimetry, the approach of this study employs sampling as much of the kidney surface as possible, since the kidney can respond heterogeneously to ischemia. Furthermore, this approach avoids contact with the kidney surface to prevent altering the local blood distribution during a measurement that relies on delivery of nutrients and oxygen and removal of by-products via the blood 13 . Figure 2 depicts a photograph of a rat kidney in vivo that was in contact with a hollow metal cylinder for several mins of ischemia and clearly reveals a blood-deficient annulus on the kidney surface, a sign of inadvertent pressure-dependent redistribution of blood at the surface. A noncontact method introduces artifacts of its own, namely change in signal due to change in geometry from measurement to measurement (as in fiber-tissue separation and angle). We showed in previous work that a dual UV excitation approach can largely correct for these artifacts, as well as changes in the surface scattering properties arising from the continual topical application of saline, a ubiquitous clinical practice 14 . In that work, we showed that the response of the Signal Ratio, formed from the ratio of the AF under 355 nm excitation to the AF under 266 nm excitation, during restored blood flow (reperfusion) following ischemia was sensitive to injury time. In this work, we evaluate the Signal Ratio's ability to rapidly predict kidney function following ischemic injury by means of monitoring survival on the ischemic kidney in a rat model and analysis by subsequent histology. Furthermore, due to the complexity of the physiologic system and changes in tissue optical properties, we monitor additional optical signals from a multi-color, multi-modal system to assist in decoupling these dependent processes to help explain the behavior of the observed Signal Ratio. Specifically, we monitor AF under 325 nm excitation because this wavelength is isosbestic to blood oxygenation and should report on the effect of blood volume on absorption of the excitation and the emission. In addition, we monitor scattering (SC) of the three UV excitation wavelengths to examine the effect of absorption and scattering on the excitation alone. Finally, we monitor scattering at 500 ± 20 nm, a band within the NADH emission spectrum but which is isosbestic with respect to blood oxygenation. Figure 2 . Photograph of kidney after several mins of ischemic injury during which a hollow metal cylinder was in contact to illustrate the local blood redistribution caused by contact.
EXPERIMENTAL SETUP
Rat preparation and renal ischemia
Rat preparation has been previously described 15 . In brief, all animal procedures were approved by the University of California, Davis, Animal Use and Care Administrative Advisory Committee (AUCAAC) and Institutional Animal Care and Use Committee (IACUC). Adult male spontaneously hypertensive rats were placed under anesthesia, after which their kidneys were exteriorized to permit in vivo imaging, clamping of the blood vessels, and periodic topical saline administration. Ischemia was induced by simultaneous temporary clamping (occlusion) of the renal artery and vein of the left (injured) kidney, while the right (normal) kidney was not clamped. Ischemia was induced for either 20 minutes (9 rats) or 150 mins (10 rats). Following the injury phase, the clamp was released (reperfusion). A schematic of the imaging configuration is depicted in Fig. 3 
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. Three laser sources provided UV excitation at 355 nm (UVSQAOM355-5, Meshtel), 266 nm (DTL-382QT, Power Technology), and 325 nm (HeCd Omnichrome, Melles Griot) with average fluences of 0.2 mJ/cm2, 0.2 mJ/cm2, and 2 mJ/cm2, respectively. In addition, white LED emission filtered by a 500 ± 20 nm band-pass dielectric filter (Corion) provided visible illumination. 325 nm excitation is isosbestic with respect to hemoglobin (Hb) oxygenation, yet also excites NADH (but not tryptophan). The illumination output from these lasers was combined and coupled into a fiber bundle whose output permitted full illumination of both kidneys. The AF and 500 nm SC images were recorded through a 420-640 nm band-pass filter combination (GG-420 and BG-38, Schott) positioned in front of the first liquid nitrogen-cooled 16-bit CCD camera (TE/CCD-512-TKM/1, Roper Scientific). This choice of filter was made to capture the emission from NADH (centered at ~460 nm) under 355 nm and 325 nm excitation and the emission tail from tryptophan extending in this region under 266 nm excitation 17 . Laser sources were utilized due to the simplicity in handling the light transport, but LED light sources are currently available and could alternatively have been used. A second identical CCD (but with UV-sensitive coating) acquired light scattering images under UV laser excitation. In this case, a 240-400 nm band-pass filter (UG-11, Schott) rejected the AF and 500 nm SC components of the collected signal. Optical images were captured prior to the start of injury, throughout injury and reperfusion as the 4 light sources were toggled.
Intensities from both AF and SC images were measured after a sequence of normalization steps to remove variations in laser fluence both spatially and temporally. Specifically, following subtraction of CCD counts with no illumination present (dark counts, which includes that of stray light present in an otherwise dark room), images of normalized intensity were generated by dividing, pixel-by-pixel, the CCD count in the kidney image by that of a pre-recorded beam profile to account for spatial non-uniformity, and then dividing by exposure time of 4 seconds. The beam profile was collected at the start of the experiment as an image of a sheet of premium quality paper placed in the field where the kidneys are to be located and illuminated under each source for either camera. From each image, regions of interest were defined on the kidney over as large as possible an area (~0.8 cm2, for assessment of kidney function) as well as on a reference fluorescing (or scattering, depending on the camera) object positioned in the illumination field, whose average intensity was used to monitor changes in laser power during image acquisition. Mean CCD count from each kidney was divided by that from the reference object to obtain the normalized kidney intensity. Each temporal trace was normalized to its value at the time just prior to clamping. Specifically for the SC images, the region of the image exhibiting specular reflection (defined as < 90% of maximum pixel value) of the incident light was excluded from analysis.
Spectroscopy
AF spectra under 355 nm excitation were collected by imaging onto the slit of a spectrometer (Triax 320, Jobin-Yvon Horiba, equipped with a 300 grooves/mm grating blazed at 450 nm) the emission from a rat kidney during 150 mins ischemia and 90 mins reperfusion (under the same illumination conditions described in the imaging configuration). A 385 nm long-pass filter (GG-385, Schott) was positioned at the entrance of the spectrometer for 355 nm and 325 nm excitation and a 295-long-pass (WG-295, Schott) for 266 nm excitation to reject the excitation light from entering the spectrometer. The spectra were detected by a back-illuminated CCD (LN/CCD-1340/400EB/1, Roper Scientific). After correcting for system response, each spectrum was normalized to peak intensity. This normalization was motivated by our interest in observing how the spectral profile itself changes during injury and recovery as well as because animal movement prevented a reliable measurement of absolute emission intensity.
Survival study procedure and statistical analysis
Following imaging, the normal kidney was removed and the abdominal cavity was closed. Rat weight, physical appearance, and survival were monitored for 30 days following ischemia, or until a rat lost more than 20% of preoperative body weight (at which time it was sacrificed), or until death. Death from acute renal failure was diagnosed by timing of death, kidney inspection following death, and subsequent histology. Following death, the injured kidney was removed and prepared for histology. Slides were reviewed by a pathologist blind to experimental group and outcome. The percentages of acute (occurring immediately after injury) and chronic (occurring days to weeks after injury) histologic changes present on each slide were converted into a numerical score as follows: 0 (0%), 1 (<25%), 2 (25%-75%), 3 (>75%). Fisher's exact test was employed to detect differences in survival outcome based on injury time. Histological scores were analyzed with Wilcoxon rank-sum test. Survival was calculated according to Kaplan-Meier. Statistical survival comparisons were made using the Log-rank test. All statistical tests were conducted using custom software. As shown in the Kaplan-Meier plot of Fig. 4(a) , 150 mins of ischemia turned out to be a fatal injury. Rats did not survive past a week on this injured kidney. In contrast, all but one rat died before the end of the 30-day monitoring period. Median histology score was higher for non-survivors than for survivors (Fig, 4(b) ), confirming that death in all cases within the monitoring period was due to kidney failure. It is important to emphasize that mortality took days after the injury occurred to manifest. Figure 5 shows the evolution of the AF spectra under various excitation wavelengths for a rat that underwent 150 mins ischemia. Spectra were normalized to the peak intensity of the profile so as to compare the spectral shape over the course of the experiment. In Fig. 5(a) , the spectral profile under 266 nm excitation did not change appreciably during injury and reperfusion. In Fig. 5(b) , emission spectrum at the start of the experiment ("Injury 0' ") peaks at 460 nm and resembles that of NADH, along with possible contributions from collagen and elastin, and with some absorption features at 410 nm, 550 nm, and 580 nm which coincide with oxy-hemoglobin (HbO 2 ) absorption. Over the course of the injury, the spectrum blue-shifts, until at the end of the injury phase when the spectrum no longer exhibits strong absorption features seen before injury was induced. Upon reperfusion, the spectrum does not change immediately but does eventually redshift back towards the pre-injury profile. However, at the end of injury the spectrum does not completely return to its original profile. Qualitatively the same is observed in the spectra under 325 nm excitation in Fig. 5(c) . These spectra strongly suggest that the detected signals are indeed coming from the expected species. Figure 6 plots the AF (a) and SC (b) temporal profiles normalized to that before the clamp was placed and averaged over all rats subjected to 150 mins ischemia. These AF profiles predominantly decrease during injury. 266 AF appears to be somewhat sensitive to injury, though not as much as 355 AF and 325 AF. The consequence is that the intensity range of the 355 AF signal when normalized to 266 AF (i.e., the Signal Ratio) is diminished somewhat but still maintains the same dynamic features. Upon clamp release, the AF signals respond in a biphasic manner in which they return towards baseline, reach a peak, and then decline more slowly to a minimum, followed by an even slower return towards baseline. It is this biphasic profile that is to be parametrized as shown in the past where features correlated with injury time 14 .
Emission spectra
The SC signals prove to be very sensitive to periodically topically administered saline (sawtooth behavior), nulling the conventional 355 nm SC signal in microfluorimetry as a reliable compensator for absorption of the excitation by blood. The 500 SC signal (Fig. 6(b) ) follows a qualitatively similar response to that of 355 AF, though over extended injury it declines much faster and during late reperfusion returns much more slowly than 355 AF. The decline of 500 SC during injury correlates with what is observed visually: the tissue becomes a dark chocolatey-brown color that suggests blood coagulation and possible production of metHb, a known by-product of extended ischemia. metHb contains a higher absorption in the 630-nm range than Hb and is monotonic in the 500-600 nm range 18 , whereas Hb contains a distinct peak in this range. Conversion to metHb may explain why the 355 AF spectrum at the end of injury appears very smooth and lacks this distinct Hb presence. The range of the 266-355 SC signals is small compared to that of AF, suggesting that absorption of the excitation light is not a major contributor to the observed AF signal behavior. Further discussion of the source of the AF signals is deferred to Section 3.5.
Parametrization of the optical responses
Previously we have used a bi-exponential model to mimic the Signal Ratio behavior during reperfusion (see Eqns. 1-2 in Ref. 14) . The first component represents the contribution from a decrease in [NADH] as it gets oxidized and is described by a hypothetical delay Δτ N to represent for example a delay in the resumption of electron transport chain activity or a delay in delivering oxygen to the injured cells. This first component also contains a relaxation time τ N describing the oxidation of NADH that accumulated during injury. The second component represents the effect of the environment on the excitation and emission and was introduced to help explain the decrease in the AF signal observed during injury. This component likewise is described by a relaxation time τ E . Since the 500 SC exhibited a qualitatively similar response as the 355 AF during reperfusion, we also parametrized this signal. This 500 SC is described by a peak delay (like that in the Signal Ratio), a ΔI increase in intensity to initial maximum upon unclamping, and a linear optical recovery m since an exponential did not describe the curve well. See Fig. 7(a-b) for an example of these components and corresponding data fit. Figure 7(c-d) show the distribution of the parameters obtained from the rats in this study separated by survival outcome. All time constant parameters were statistically significantly different for survivors vs. non-survivors, thus effectively discriminating viable kidneys from nonviable kidneys (p<0.01). To plot all of the derived time constants on the same axes, principal component analysis was performed on a reduced data set (i.e., excluding ΔI for its lack of discriminating power). The biplot in Fig. 7 (e) depicts the placement of the kidneys (numbered 1-10,13 (non-survivors)) and the rest (survivors) in terms of the first two principal components (PC1-2 which explained 79% of the total variance), along with the projections of the original time constants. One can see that the non-survivors (with the exception of the 20 min injury case that died, #13) all fall to the right-hand side, while survivors were generally on the left. This plot also shows that there exists a high correlation between the AF-and SC-based time delays Δτ N and Δτ 500 , as well as between the AFbased relaxation time constants τ E and τ N . Longer time constants suggest more delayed response to functional recovery due to the injury. This delay could be in part due to delays in resumption of cellular respiration activity, vascular delivery of needed biochemicals (nutrients, signaling chemicals, and oxygen), and vascular clearing of toxins and by-products, for example.
Possible origin of the observed Signal Ratio behavior
Ischemia pathophysiology is commonly described as a transition of the cell machinery to anaerobic metabolism, generation of lactic and other acids, free radicals, and initiation of an inflammatory response 19 . Ion gradients that maintain the pumps needed to generate ATP become compromised, blood vessels respond to anoxia by dilating, and ultimately cells die under apoptosis or necrosis processes. To understand the volume interrogated by each of the illumination wavelengths employed in this study, we consider the penetration depth of each. Previously we estimated the attenuation coefficient of the capsule under 355 nm and 266 nm excitation in kidney tissue by measuring the 355 AF and 266 AF intensities from kidney with and without capsule (various thicknesses) 20 . From these measurements, we estimate that the penetration depth of 266 nm is about 30 µm while that of 355 nm is about 100 µm. From the literature 11 , 500 nm is estimated to penetrate on the order of 1 mm into tissue, while the cortex of a rat kidney has been measured to be around 3.5 mm 21 , and shares housing of the nephron with the underlying outer medulla.
The SC signals exhibit a wavelength-dependent response to injury (inset, Fig. 6(b) ), which highly suggests a depthdependent absorption of NADH emission. They also exhibit an initial response (first 10 mins) in which the signals undergo rapid changes and likely governed by vascular response, versus an extended response in which the changes in signal occur much more slowly. Considering the initial response, this decrease in the scattered signal with depth can arise by either an increase in blood volume or increase in blood concentration. Blood volume may increase by preferential dilation of the deeper blood vessels servicing the more metabolically active cells. During injury, blood may pool by passive redistribution and gravity in the more dilated vessels. Blood concentration may increase due to loss of fluid and shrinking of the kidney. This may happen via blood being allowed to drain during the injury via neighboring veins (e.g., adrenal vein) which are not clamped. Also, the ureter is not clamped, and so urine production which may continue for several minutes into injury will continue to be expelled. Kidney volume loss may densify and desiccate the kidney capsule, causing 266 SC to increase during the first ten mins of injury. The subsequent steady decrease of the 500 SC signal may be related to blood coagulation and metHb formation as discussed at the end of Section 3.4. ,-. 
CONCLUSIONS
The large area, non-contact method employing the ratio of AF under 355 nm excitation to that under 266 nm excitation was able to predict kidney loss of function weeks ahead of conventional means. The values of the time constants derived in this work, including those of the 500 nm scattered signal, are available within hours of the reperfusion phase while the recipient would still be in the operating room. Another opportunity to assess kidney function using this Signal Ratio method is while the organ is being perfused on a normothermic machine pump prior to transplant in the donor. The advantage of this configuration is that there would be no blood to modulate the signal, so behavior could be more isolated to metabolically-dependent processes.
